Direct evidence linking the capsid protein to specific dsRNA segments from the three killer strains of Ustilago maydis virus (P1, P4, P6) is presented. The capsid proteins of the three strains cross-react immunologically, have similar mol. wt. and similar peptide maps after limited proteolysis. The capsid proteins from P1 and P4 were translated from their respective H2 dsRNA segments, whereas the capsid protein for P6 was translated from H1 dsRNA. These in vitro translation products were each precipitated by the antiserum to capsid proteins of all three strains, had similar tool. wt. and similar peptide maps. All in vitro translation products competed effectively with native capsid proteins of all of the three strains in immunocompetition assays. These results suggest that the three strains code for a similar capsid protein, and that the information for capsid protein resides in the H2 segment of strain P1 and P4, and in the HI segment of strain P6.
INTRODUCTION
The Ustilago maydis virus (UmV) is a mycovirus with a segmented dsRNA genome (Wood & Bozarth, 1973) . There are three wild-type strains of UmV, Pl, P4 and P6, which persist indefinitely in their host, the corn smut fungus U. maydis (Koltin & Day, 1975) . The dsRNAs are each encapsidated in 43 nm capsids which have a major capsid peptide of 73K to 75K tool. wt. (Bozarth et al., 1981) . The three strains of UmV secrete host-specific killer toxins which kill susceptible strains of the same fungus and closely related species (Koltin & Day, 1975) . The capsids of all three strains cross-react in gel diffusion serological tests (Lentz, 1977; Bozarth & Lentz, 1978) .
The dsRNA segments of UmV are of three major size classes, heavy (H), medium (M) and light (L) . From genetic studies with mutant strains, it was concluded that one or more H segments are necessary for coat protein (capsid) production, that the M segments are associated with toxin production, and that L segments are associated with immunity to the toxin, at least in strain P 1 (Koltin, 1977; Koltin & Kandel, 1978; Koltin et al., , 1980 Peery et al., 1982) . UmV is similar in many respects to the yeast virus (ScV) of Saccharomyces cerevisiae (Tipper & Bostian, 1984) . In ScV the largest of the dsRNA segments codes for the capsid polypeptide (Hopper et al., 1977; Reilly et al., 1984) and its M segment codes for toxin production (Bostian et al., 1980) .
Although genetic studies of UmV indicated a definite association between H segments and capsid production (Koltin et al., 1980) , it was not known which of the H segments in each strain codes for the capsid protein. One reason for this is that no single size class of H segments occurs in all known strains of UmV Bozarth et al., 1981) . Furthermore, hybridization studies have failed to detect any sequence homology between different size classes of H segments . Recently it was reported that translation in vitro of the H2 segment of P1 yielded the capsid protein (Dalton et al., 1985) .
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We report here in vitro translation studies which show that the coat proteins of the three killer strains of UmV are similar if not identical, but the information for coat protein resides in the H2 segment of P1 and P4, and H1 segment of P6.
METHODS
Virus purification. The three strains of UmV were grown in Ustilago complete medium (Stevens, 1974) at 25 °C in a 10 1 fermenter. Cells were harvested from log phase growth and homogenized in a Bead Beater (Biospec Products, Bartlesville, Ok., U.S.A.). The virus was purified as described previously (Bozarth et al., 1981) .
RNA extraction and purification. Double-stranded RNA was extracted from purified virus using the method of Ito & Joklik (1972) , except that 10% SDS was used in place of SDS-phenol to disrupt the virus. The dsRNA was extracted with phenol/chloroform, resolved by electrophoresis in a 1.5 ~ agarose gel and separated segments were excised and electroeluted. After elution, the dsRNA was extracted with phenol/chloroform and precipitated with ethanol. The purified dsRNA segments were suspended in sterile deionized water and stored at -20 °C. Electrophoresis and subsequent steps were repeated until each dsRNA segment was pure as judged by electrophoresis in agarose gel.
Serology. Antisera were raised against empty virus capsids purified from strains P1, P4 and P6 by CsC1 density gradient centrifugation (Bozarth et al., 198l) . Ouchterlony double-diffusion analysis was made on glass slides using Gelman equipment (Bozarth et al., 1971) . Each virus capsid protein was tested against its own antiserum and capsid antisera from the other two strains.
In vitro translation. Purified dsRNA segments were heat-denatured as described previously (Cashdollar et al., 1982; Dalton et al., 1985) with some modifications. Briefly, the dsRNA was denatured in a mixture of 90 ~ DMSO and 1 mM-methylmercuric hydroxide at 52 °C for 45 rain and translated in rabbit reticulocyte lysate. The final concentration of denatured dsRNA was 1 gg per 25 gl of translation mixture. The optimum conditions for translation of purified dsRNA segments were as described by Dalton et al. (1985) ; translations were at 33 °C, and [35S]methionine (sp. act. approx. 1000 Ci/mmol; New England Nuclear) was the radioactive tracer (Flurkey & Kolattukudy, 1981) .
Immunoprecipitation and immunocompetition of in vitro translation products. Capsid protein antibodies of strains P1, P4 and P6 of UmV were prepared as described earlier (Lentz, 1977; Bozarth et al., 1981) . Immunoprecipitation was performed against in vitro products of P1, P4 or P6 as described (Flurkey et al., 1982; Dalton et al., 1985) except that instead of phosphate-Triton X-100-deoxycholate buffer, NET buffer was used (0.1 ~ Nonidet P40, 0.4 M-NaC1, 0.05 M-Tris-HC1 pH 8.0, 0.005 M-EDTA). Immunocompetition of in vitro translation products was as described by Dalton et al. (1985) . The products from immunocompetition experiments were analysed by SDS PAGE (Laemmli, 1970) , followed by autoradiography.
Peptide mapping. Bands of protein were localized by Coomassie Brilliant Blue staining or autoradiography. Gel pieces were cut out, soaked in Laemmli running buffer (0.025 M-Tris, 0-17 M-glycine, 0.1 ~ SDS, pH 8.3) (Laemmli, 1970) for 30 min, transferred to wells in a 10 ~ SDS-polyacrylamide gel, and treated with 0-2 gg of Staphylococcus aureus V8 protease per well as described by Cleveland et al. (1977) . The gels were silver-stained using a Bio-Rad silver staining kit or treated with Florohance (Research Products International, Mount Prospect, II1., U.S.A.), dried and fluorographed.
Hybridization analysis. Northern blot hybridization was carried out under highly stringent conditions (55~ formamide) according to the method of Jordan & Dodds (1983) . Radioactive probes were prepared from the H 1 segments of strains P1, P4 and P6 and the H2 segment of strain P4 by labelling the 5' ends with 32p. Total dsRNAs from the three strains of UmV were resolved by electrophoresis in 5% polyacrylamide gels, transferred to a Bio-Rad Zeta-Probe membrane and probed with the labelled segments of PI-H1, P4-H1, P6-H1 and P4-H2 RNA. Hybridization was detected by autoradiography.
RESULTS

Purification of virus-like particles and gel analysis of dsRNAs
The banding patterns of the total dsRNA extracts from each of the three strains are shown in Fig. 1 (a) . The spacing of individual bands shown here differs from other published pictures of similar RNA, probably because gels of different composition have been used. The relative concentrations of individual bands differed somewhat between isolates and individual lots of purified virus. Preparations of dsRNA made by direct extraction of cells did not have the same relative concentrations of bands as preparations made from purified virions. P6 (lanes T) and the purified heavy dsRNA segments from each strain (the total dsRNAs and the purified heavy dsRNA segments of each strain shown here were from different gels). The dsRNAs were resolved by electrophoresis in 1-5~ agarose gel and stained with ethidium bromide. 
Serology
Antisera had titres of 1 : 8 as determined by agar double-diffusion analysis. Purified capsid antibodies (20 to 30 ~tg) were added to each immunoprecipitation reaction. Fig. 2(a) shows the reaction between capsid proteins of the three virus strains and their respective capsid antibodies. All three strains cross-reacted with the antibodies of the other two strains. The reaction between PI and P4 was more pronounced than those between P1 and P6 or P4 and P6.
Comparison of capsid proteins
Analysis of the capsid proteins from strains P1, P4 and P6 by S D S -P A G E showed that all had major capsid proteins of 73K tool. wt. and additional proteins which banded at about 45K and 29K (Fig. 2b) . The relative quantity of the latter two bands was not consistent and they were considered to be degradation products of the 73K protein. S D S -P A G E patterns of freshly prepared capsids had very little of the lower mol. wt. bands.
In vitro translation
Autoradiographs of total translation products of purified d s R N A segments of P4 and P6 are shown in Fig. 3 . Total translation products of P1 segments were shown in Dalton et al. (1985) .
When each translation product was mixed with antiserum against its specific virus strain, only the translation products from the H2 segments of strains P 1 and P4 and the H 1 segment of strain P6 produced a precipitate (Fig. 4) . Although other segments produced translation products, none produced a product that reacted with capsid antisera.
Immunoprecipitation and immunocompetition of translation products
To test the translation products from the H2 segments of P1 and P4 and the H1 segment of P6 further, cross-immunoprecipitation and immunocompetition tests were made. When each translation product was reacted with antibodies made against capsid proteins of each of the three virus strains, the in vitro products from each strain reacted with its own capsid antibodies as well as those raised against the other two strains (Fig. 5a ). The immunoprecipitable products from the three strains comigrated with the native capsid protein in SDS PAGE. Additional faint reaction lines also appeared in the lower mol. wt, range of the autoradiographs (Fig. 5a ). Although these did not appear in the corresponding lanes of Fig. 4 , they were considered to be premature termination products. No further work was done to characterize them. In the i m m u n o c o m p e t i t i o n experiments the in vitro products from respective H segments of P1, P4 and P6 were mixed with preincubated mixtures of capsid antibodies and the native capsid protein of each strain. The native capsid protein from each of the three strains competed effectively against each in vitro product of the three strains irrespective of which capsid antibody was used for preincubation ( Fig. 5b) . Fig. 5 (a) , lanes 2, 3, 4. Lanes 4, 5, 6 represent peptide digests from products shown in Fig. 5 (a) lanes 5, 6, 7. Lanes 7, 8, 9 represent peptide digests from products shown in Fig. 5 (a) lanes 8, 9,  10 . Bars indicate the peptides generated; d, position of the dye front.
Peptide mapping When capsid proteins of strains P1, P4 and P6 were digested with S. aureus V8 protease and subjected to electrophoresis, similar peptide patterns were produced by all three strains (Fig.  6a ). When the immunoprecipitates from the three strains (shown in Fig. 5a ) were digested with S. aureus V8 protease, similar peptide patterns were produced in each of the nine lanes. These digests were similar to those shown in Fig. 6 (a) except that these were analysed on a different gel with a longer running time (Fig. 6b) . These data show that the capsid proteins of the three strains and also the products Of the dsRNA segments translated in vitro are very similar.
Hybridization and analysis of capsid genes of P1, P4 and P6
Probes made by labelling the 5' end of segments H1 of P1, P4 and P6 and H2 of P4 with 32p were used to probe the total dsRNAs of the three strains of UmV by Northern blotting. When H 1 probes from P 1 and P4 were used, strong hybridization was observed between P 1 and P4 H 1, and only weak hybridization with H1 of P6 (Fig. 7a, b) . The H1 probe from P6 hybridized to itself and H1 segments of P1 and P4 (Fig. 7c) . Similarly the H2 probe from P4 hybridized to itself and to H2 of P1. The H2 probe did not hybridize to any H1 segment of P1, P4 or P6 (Fig.  7d) . These results were similar to those reported by Field et al. (1983) .
DISCUSSION
The H class of UmV dsRNA segments was postulated to code for capsid proteins on the basis of genetic data (Koltin et aL, 1980) . If capsids are required for transcription and replication of (a) P1 P4
P4 P6 P1 P4 P6 Fig. 7 . Hybridization analysis of total dsRNAs from P1, P4 and P6 with HI probe from P1, P4, P6 and H2 probe from P4. Total dsRNAs were resolved by electrophoresis in a 5~o polyaerylamide gel, transferred to Bio-Rad Zeta-Probe membrane and probed with 32p 5' end-labelled dsRNA segments of strain P1, H1 segment (a), strain P4, H1 segment (b), strain P6, H1 segment (c) and strain P4, H2 segment (d).
dsRNA as suggested by Buck (1980) , then the coding for capsid production must reside in different H segments in different mutant strains. Since mutant strains of P6 which contained only H1 segments had been previously obtained (Koltin, 1977) , there was a strong presumption that capsid proteins are encoded by H1 in at least those strains. It was recognized that in other strains which do not have an H1 segment their code must occur in other H segments (Koltin et al., 1980 showed that all H 1 segments cross-hybridize with other H 1 segments and that H2 segments of strain P1 and P4 cross-hybridize. There Was no hybridization between H1 and H2. These data reinforced the assumption that H1 codes for capsid; however, translation of denatured dsRNA provided direct evidence that the H2 dsRNA segment of strain P1 encoded the capsid protein (Dalton et al., 1985) . In this study we found that the H2 segment of strain P4 also coded for capsid protein, but it was the unrelated H 1 segment of strain P6 that coded for its capsid. The capsid proteins of these three strains were similar if not identical by serology and by peptide mapping.
The H1 segment of strain P6 was the only H segment present in the P6 genome, but there were reasons to question whether the H 1 segment was correctly identified. In this laboratory the H 1 segment of strain P6 consistently ran slightly faster in gels than the H 1 segment of either strain PI or P4. Furthermore, the initial assignment of segments to one of the four H classes did not always stand up to careful analysis. An example is the mutant strain T4 which was originally thought to have an H 1 segment (Koltin et al., 1980) , but it was later found that the length of the dsRNA was identical to that of the H2 segment of strain P1 (Bozarth et al., 1981) . The relatively weak hybridization reaction between the H 1 segment of strain P6 and the H 1 segments of both P1 and P4 indicated that these dsRNAs were not identical . We therefore repeated the hybridization experiments of Field et al. (1983) to test for any homology between the H1 segment of strain P6 and the H2 segments of strains P1 and P4. In highly stringent conditions we obtained results similar to those of Field et al. (1983) . This set forth an interesting paradox. Considering the lack of homology between H 1 and H2, how can genes on different dsRNA segments code for apparently identical capsid proteins suggested that several H segments may code for a major viral capsid polypeptide of similar amino acid sequence and yet have no detectable sequence homology. This was also suggested to explain unexpected results obtained with ScV (Bobek et al., 1982 (Bobek et al., , 1983 .
A different explanation for the lack of hybridization between H l and H2 dsRNAs may lie in the technique of Northern blot analysis. Perhaps the sequence for virus capsid does not transfer to the filter and comparable sequences in the H2 segment of P4 never have a chance to hybridize with their counterparts in the H 1 segment of strain P6. It was observed during this and other studies (Kim & Bozarth, 1985) that in Northern transfers the efficiency of transfer from the gel to the filter was inversely related to the length of the dsRNA molecule. More importantly, the difficulty of denaturing the H dsRNAs observed in translation studies indicate that during transfer from gel to membranes, the dsRNAs may renature and therefore fail to hybridize. It is probable that during transfer, dsRNAs of different sizes may renature to a different conformation resulting in loss of detectable homology. Alternatively the failure of the H1 segments of P6 to hybridize with the H2 segments of P1 and P4 may simply mean that those sequences which code for capsid protein did not become labelled by the technique used. Sequence analysis will solve this problem, but in the meantime perhaps other methods of performing hybridization experiments may provide a solution. Finally, the conflicting results showing identical proteins and non-identical nucleic acid homology may be explained by codon degeneracy, assuming that the hybridization experiments were conducted at appropriate levels of stringency. The determination of capsid gene location on specific dsRNA segments is important because H segments encoding the capsid protein are essential as helper genomes to provide capsids and viral polymerases for the other dsRNA segments of the genome.
These results also suggest that the proteins encoded by other dsRNA segments do not share homology with the capsid protein. Antibody to the capsid did not immunoprecipitate translation products of other dsRNAs. Studies are currently in progress to determine the antigenic relationships and nature of capsid proteins of mutant strains of UmV with only H3 and/or H4 dsRNA segments.
